 A 3D single cylinder engine model was developed for thermal status analysis  Conventional, top-bottom and split cooling structures were investigated  The optimal cooling structure was identified and studied
Introduction
The growing concerns on energy crisis and environmental problems are raising the research attentions on energy saving and emission reduction technologies for Internal Combustion Engine (ICE) to improve the overall energy efficiency. Diesel engine convers less than 40% of the fuel energy into the effective power from the crankshaft and wasted the remaining fuel energy through the exhaust gas system and cooling system [1] [2] [3] [4] [5] . The heated components in ICE such as cylinder head requires to be used under high thermal stress conditions, which will increase the potential of components damage with the increase of combustion intensity [6, 7] . The development of alternative and advanced cooling system with precisely controllable strategies is quite important to replace the conventional engine cooling system.
In conventional engine cooling system, the engine rotational speed determines the coolant pump speed and speed of radiator fan, which means the engine cooling load cannot be adjusted according to the thermal load under different working conditions. Some researchers conducted the investigation on intelligent cooling systems to achieve precisely controlling cooling strategies using smart controlling electrical components to replace the conventional components such as wax thermostat valve, mechanical water pump and radiator fan [8] [9] [10] [11] [12] [13] [14] . By adopting smart cooling controlling strategies engine warm-up time and CO2 emissions can be effectively reduced [8] .
In engine operational conditions, the thermal load of the cylinder head is higher than that of the block, but the coolant flow can only travel from the block to the head through the upper hole in traditional cooling system [5] , which will lead to temperature of the cylinder head higher than that of the block. On the other hand, the coolant flow rate for ICE is designed based on the thermal limitations of the cylinder head, which requires a larger cooling intensity than that of block part, which will cause over cooling problem on the block. Therefore, advanced cooling system is desirable to avoid the over cooling problem on cylinder liner and potentially reduce the temperature field of the cylinder head. Considering the various cooling requirements of heated components, multiple cooling circuits can effectively control the temperature conditions in separately cooling circuits. Cipollone et al. [15] proposed a novel engine cooling sytem with two circuits including an HT (high temperature) circuit for the engine, EGR cooler, oil cooler, 1 st stage inter-cooler and a LT (low temperature) circuit for the 2 nd stage inter-cooler and A/C condenser. The two circuits cooling system can optimize the cooling demands of different heated components in ICE [15, 16] . Moreover, the two circuits cooling system can reduce the overall fuel consumption and simplify the front end model of the engine compartment [15, 16] . Kang et al. [17] studied on an engine smart cooling system with double loop coolant structure, which indicated the smart cooling system can effectively control the temperature of the cylinder head and block resulting in the reduction of fuel consumption and engine warm up time. Cipollone et al. studied two split coolant structure schemes for head and block cooling [18] . In these schemes, coolant flows from the cylinder head to the block and the valve between the water jackets of the cylinder head and the block was controlled to adjust the coolant flux, which can control the temperature of the cylinder head lower than that of the block with proper flow repartition [18] . For industrial application, a double circuit cooling system was launched in a Ford gasoline engine to independently control the component temperature by thermostat [19] . Results indicated the block temperature can be increased more quickly under a split cooling structure, and the friction between the liner and piston is reduced in cold running conditions [19] .
However, the previously conducted researches all studied the mean temperature of the cylinder head and block at different cooling structures with 1D simulation model, which cannot represent the coolant flow conditions under different coolant flow directions or different coolant flux of the head and block cooling system. Furthermore, the temperature distribution and thermal stress of the heated components, thermal dissipation from the coolant and frictional power dissipation of the water jacket require to be further studied to understand the effects of different cooling structures. A 3D engine simulation model is therefore necessary to investigate the effect of different cooling structures on the thermal status of the heated components, thermal dissipation and frictional power dissipation.
In this study, a 3D single cylinder engine model was built to study the temperature and thermal stress field of the cylinder head and liner. Moreover, the frictional power and thermal dissipation for different cooling structures under engine rated condition were analysed and compared in the following sections. Finally, the optimal cooling structure was further studied under various engine power outputs, which can be used as important references to conduct further study on the development of advanced cooling organization strategies for Internal Combustion Engine. 
Nomenclature

Mesh of a Single Cylinder Engine Model
49
A six cylinder diesel fuelled engine was selected to be investigated in this study. The selected engine contains six 50 separate cylinder heads with independent and identical cooling gallery structure. Because the coolant flow circuits in 51 this engine are designed as cross-flow entrance as indicated in Figure 1 , the six-cylinder engine can be simplified as a 52 single cylinder engine to investigate the effects of different cooling organization strategies on the thermal conditions, 53 frictional power and thermal dissipation of the heated components. 54 quantities of the single cylinder model can be found in Table 1 . In order to achieve the fully developed inlet and 60 outlet boundary conditions [21] , the computational domain was extended as illustrated in the Figure 2 . 61 
68
The fluid-solid interconnection to describe the interface between the fluid and solid region is defined based on the 69
Fourier heat equation and the convective heat transfer control equation as illustrated in Equation (2). 70
Description of the Fluid Model
72
The coolant can be recognized as incompressible fluid [22, 23], which can be described as the following continuity, 73 momentum and energy equations. 74
The Reynolds-averaged Navier-Stokes equations and k-epsilon equation are adopted in this study for the numerical 76 calculation. 77 turbulence kinetic energy equation： 78
The wall function method is used to describe the boundary layer, where turbulent is not suitable to be used in near 81 wall region and the Reynolds number is too small to use standard k-epsilon equation. In the wall function method, 82 + y is defined as dimensionless distance and 
Boundary Conditions and Physical Properties
1 , The boundary type of the inlet and outlet of the coolant is defined as Flux boundary and Flow split, respectively. 109
The coolant inlet flow rate and temperature are obtained from the engine thermal balance experiment of the six 110 cylinder engine. The integral procedure of the simulation model can therefore be established by using the defined 111 boundary conditions. The overall simulation process of the model can be illustrated as Figure 5 . The detailed 112 boundary conditions of the single cylinder engine model can be found in Table 2 . 113 
Material properties
117
The
The material of the cylinder head and block is HT280 with the thermal conductivity at 47.2W/( m·K), when the 121 ambient temperature is 293 K. 122 Table 3 . Results indicated the highest 159 temperature decrease can be as high as 9.49 K at the fire face of the cylinder head with the corresponding thermal 160 stress decreases from 321.18 MPa to 311.26 MPa. By using top-bottom cooling structure the maximum temperature 161 of the fire face of the cylinder liner is increased by 1.59K, which is within the operational temperature range of the 162 cylinder liner material. In conclusion, compared with conventional cooling structure (Case A), the top-bottom cooling 163 structure (Case B) can effectively improve the coolant temperature distribution of the cylinder head and liner. 164 proportion  in split cooling structures (Case C and Case D). When the flux proportion is higher than 0.8, the 205 average and maximum temperatures on the cylinder head fire-face in Case C is lower than that of Case A, and the 206 temperature field on the liner fire face is higher than that of Case A. However, the maximum temperature of the 207 liner fire face can be as high as 561.16K, which is much higher than the conventional operation temperature of the 208 liner material, when the flux proportion is set at 0.8. Therefore, the Case C cooling structure is not recommended as 209 an alternative cooling structure to avoid the damage of cylinder liner. 210
Verification for the Simulation Model
When the flux proportion is higher than 0.7, the average and maximum temperature on the cylinder head fire-face in 211 case D is lower than that of case A. And the maximum temperature of liner fire face is slightly higher than that of 212 case A when the flux proportion is higher than 0.8, while the temperature is still in the operational temperature 213 range of the cylinder liner material. In conclusion, the results achieved in Figure 13 indicated that the optimal 214 coolant flux proportion can be higher than 0.8 in case D, which can effectively achieve lower cylinder head 215 temperature and slightly higher cylinder liner temperature. 216 217
Evaluation of thermal and frictional power dissipation 218 219
As mentioned above, an important portion of the combustion energy is dissipated from the coolant. In addition, 220 power is consumed by coolant pump to overcome frictional resistance and used by cooling fan to dump the heat 221 energy into the environment [27] . The reduced requirement of thermal dissipation from the coolant and the reduced 222 friction power dissipation of the coolant fluid can save the power consumed by the coolant pump and cooling fan, 223 respectively. 224
As discussed previously, Case C is not recommended to be used because of the maximum temperature of the liner 225 fire face is too high, which will increase the potential of damaging the cylinder liner material. Case A, Case B and 226
Case D are therefore selected to evaluate the thermal and friction power dissipation. The coolant flux proportion of 227 case D is set at 0.9, which is within the optimal operational region as illustrated in Figure 13 . 228
The thermal dissipation from the coolant c P and the friction power dissipation of coolant The thermal dissipation of Case B is reduced by 1.37% and that of Case D is reduced by 4.86% compared with that of 237 Case A. However, the requirement of overcoming the frictional power dissipation of Case B is increased by 16.74% 238 compared with that of Case A, which means the top bottom cooling structure (Case B) requires higher pump power. 239
The friction power dissipation of Case D can be reduced by 22.38% compared with that of Case A. Both the thermal 240 dissipation from the coolant and the friction power dissipation of the coolant can be effectively reduced when Case 241 D is used as an alternative cooling structure for the Internal Combustion Engine. 242
As mentioned above, in the top-bottom cooling structure (Case B), the liner temperature can increase because of the 243 higher coolant temperature for the liner compared to Case A. However, the increase is limited because the flux 244 cannot be changed. By adopting the split cooling structure with top-bottom cooling structure (Case D), the flux for 245 the cylinder liner can be controlled independently. Therefore the temperature field of the cylinder liner can be 246 further increased by reduction the flux of the liner cooling circuit, which means the thermal power dissipation, can 247 be less than that of Case B and Case A. By adopting the Case D cooling structure, not only the coolant fluxes for the 248 cylinder head or the block can be reduced but also frictional power dissipation of the coolant can be reduced. 249
In conclusion, Case D integrates the top-bottom cooling and split structure cooling structures with the advantage of 250 relatively lower coolant temperature and higher heat transfer coefficient for the cylinder head fire-face and 251 controllable flux proportion for both coolant circuits. The Case D is the optimal scheme within the four types of 252 cooling structure with the benefits of low thermal loss, low friction power dissipation and optimal temperature field 253 of the cylinder head and liner. 254
Coolant Distribution of the Optimal Scheme
256
In order to calculate the appropriate flux distribution in the optimal scheme at different combustion intensities and 257 compare the cooling performance of the original and optimal organizations, the engine power output was increased 258 by 5%, 10% and 15% to evaluate the difference. As shown in Figure 15 , the maximum temperature of the cylinder 259 head and liner fire-face increases with increasing output power, and the maximum temperature difference between 260 the cylinder head and liner continues to increase as well, which means the thermal non-uniformity is intensified. 261 The detailed values of the flux with the engine power output increase are summarised in Table 4 . In optimal scheme 271 (Case D), the flux proportion is also increased with the change of engine power output, which is caused by the 272 increased temperature difference between the temperature of cylinder head and liner fir face. 273 indicate that the Case B can effectively cool down the cylinder head and maintain the temperature of cylinder head 294 lower than that of the cylinder liner, which meets the cooling intensity need for the head and liner. By using the 295 top-bottom cooling structure, the coolant can scour the bottom surface of the cooling gallery close to the valve 296 bridge. The mean temperature of the cylinder head can be reduced by 1.68 K and the mean temperature on the fire 297 face of the cylinder head can be decreased by 5.81 K at the engine rated condition, which can potentially reduce the 298 thermal stress of the engine cylinder head to extend the component life time. Moreover, the maximum heat transfer 299 coefficient obtained at the cylinder head is improved from 7443.7 W/m2K in Case A and 9710.0 W/m2K in Case B. 300 2. The split cooling structure can separately control the flux of the cylinder head and block to meet various cooling 301 requirements. The bottom-top split cooling structure (Case C) is not recommended to be used because this type of 302 cooling structure will lead to too high temperature at cylinder liner fire face, which is not preferred for the 303 application in Internal Combustion Engine. The top-bottom split cooling structure (Case D) is identified as the 304 optimal solution with the advantages of better thermal condition of the cylinder head and liner, 4.86% lower thermal 305 dissipation from the coolant and 22.38% lower frictional dissipation, which means the power consumed by the 306 cooling pump and fan can be effectively reduced. 307 3. The evaluation of coolant distribution of the optimal scheme (Case D) under different engine power output 308 increasing ratio (0%, 5%, 10% and 15%) indicates the flux proportion  increases with the increase of power 309 output. When the engine power output is increased by 15%, the coolant flux of the optimal scheme can be 44.21% 310 lower than that of the original scheme while the thermal and frictional power dissipation can be reduced by 65.95% 311 and 4.13%, respectively. 312
